A rigorous analysis of the timing and location of flank eruptions of Mount Etna on Sicily is important for the creation of hazard maps of the densely populated area surrounding the volcano. In this paper, we analyse the temporal, volumetric and spatial data on eruptive activity on Etna. Our analyses are based on the two most recent and robust historical data catalogues of flank eruption activity on Etna, with one from 1669 to 2008 and the other from 1610 to 2008. We use standard statistical methodology and modelling techniques, though a number of features are new to the analysis of eruption data. Our temporal analysis reveals that flank eruptions on Mount Etna between 1610 and 2008 follow an inhomogeneous Poisson process, with intensity of eruptions increasing nearly linearly since the mid-1900s. Our temporal analysis reveals no evidence of cyclicity over this period. An analysis of volumetric lava flow rates shows a marked increase in activity since 1971. This increase, which coincides with the formation of the Southeast Crater (SEC), appears to be related to increased activity on and around the SEC. This has significant implications for hazard analysis on Etna.
I N T RO D U C T I O N
During eruptions from basaltic volcanoes, the most significant hazard is generally inundation of property by advancing lava flows. Planners, insurance companies and those involved with mitigation would benefit from an improved understanding of the areas most at risk during a future eruption and of the frequency of major events in the next year and in future time periods. GIS-based hazard analyses, such as Pareschi et al. (2000) , coupled with stochastic digitalelevation model-based lava flow models (Favalli et al. 2009 ) could be improved significantly by the incorporation of a robust model for the eruption times, vent locations and lava flow volumes. This information together with data such as maximum expected effusion rates and durations, can be incorporated into lava flow models to determine the probability of coverage of different areas by lava in future time periods. This paper reports on the development of a stochastic model for the temporal and spatial distributions of eruptions at Etna based on an analysis of historical eruption data. The record of eruptive activity on Etna is the longest for any volcano (Tanguy et al. 2007) , with accounts dating back to 1470 BC (Mulargia et al. 1985) . Eruptions occur on the flanks of the volcano and at the four summit craters of Etna (Voragine, Northeast Crater, Bocca Nuova, and the most recently formed Southeast Crater, SEC). We focus on flank eruptions because (i) summit eruptions present no significant hazards to the general population on this volcano; (ii) not all summit eruptions will have been observed or recorded, and only the data collected since the late 1990s are considered to be reliable for summit eruptions (Salvi et al. 2006 ) and (iii) Branca & Del Carlo (2005) found no relationship between summit eruptions and flank activity.
Previous studies of changes in eruptive activity on Mount Etna have used a range of data sets, with early examples being the eruption catalogues of Tanguy (1981) , Romano & Sturiale (1982) and Chester et al. (1985) . Each catalogue tends to cover different time periods, include different eruptions on overlapping time periods, and have different values for the erupted volumes for the same eruptions. Consequently the quality of the resulting inferences risk being highly dependent on the catalogue that is used. Recently Branca & Del Carlo (2004) and Tanguy et al. (2007) have independently produced updated and significantly improved catalogues. However, differences remain. To assess whether these differences are statistically significant, we use both of these catalogues updated using information in Burton et al. (2005) and in the web sites of Istituto Nazionale di Geofisica e Vulcanologia, Catania (http://www.ct.ingv.it/) and the Volcanology Research Group, University of Catania (http://etnalogos.net/).
As Branca & Del Carlo (2004) consider the data to be of reduced quality before the 1669 eruption we exclude data prior to 1669 from their catalogue. This gives a data set consisting of 65 flank eruptions on Etna in the period 1669-2008, but with 18 of the eruptions volume data missing. In contrast Tanguy et al. (2007) consider their catalogue to be reliable back to the 1610 eruption giving a complete data set of 60 flank eruptions over the period . The dates and volumes of all eruptions are presented in Tables B1 and B2 in Appendix B. Previous analyses of historical data sets for Etna (e.g. Palumbo 1998; Marzocchi 2006) have studied eruption times, cumulative lava volume and/or flank eruption locations. First consider the times of flank eruptions. Based on data from 1600, Wadge & Guest (1981) and Mulargia et al. (1985) conclude that the eruption times occur at random with a constant intensity, termed a homogeneous Poisson process. Salvi et al. (2006) assumed that the eruptions occur at random times but with an intensity of occurrence which changes over time; such a process is called an inhomogeneous Poisson process. To quantify the changing intensity, they fitted a parametric model for the intensity function which allows the intensity to be either constant or time-varying as a power function of time. Salvi et al. (2006) concluded that there is strong statistical evidence for an increasing number of flank eruptions with time. The key reason why Salvi et al. (2006) were able to draw different conclusions from Mulargia et al. (1985) was the inclusion of more recent data which showed evidence of an increase in intensity. More recently Bebbington (2007) proposed using hidden Markov models, which are inherently stationary. The clear evidence of an increasing rate of flank eruptions over the last 30 yr is a feature that such models cannot capture, and although they can approximate it, by the use of a large number of parameters, they are unable to provide longer term predictions of intensities outside the range of intensities already observed. This suggests that the hidden Markov model formulation is not the most parsimonious or reliable model for input into GIS analyses of present and future hazards. Hughes et al. (1990) , Tanguy et al. (1997) and Behncke & Neri (2003) argue that there has been a distinct increase in volumetric output rate since 1950, and Barberi (1990) argued that further increases occurred around 1971 and 1981. Behncke & Neri (2003) claim that this increase may be part of a longer cycle that began after the 1669 eruption and has yet to reach its end. This view is supported by Allard et al. (2006) who identify the increase in activity since 1950 as being a part of a long-term cycle with short-term cycles superimposed on this increase in productivity. Sandri et al. (2005) argue that there has been a steady output of lava since 1971, that is, there is no evidence of a change in the plumbing system during this period. However, they argue that the interevent time between successive eruptions is related to the amount of magma erupted during the previous eruption. Using a simple time-predictable model (e.g. Shimazaki & Nakata 1980; Ho 1992; Bebbington 2008 ) that eruptions occur when stored magma reaches a critical value (Hill et al. 1998) and by assuming that supply rate is constant, they develop a model for the distribution of the sizes of an eruption. This allows them to predict the potential timing of the next eruption based on the volume erupted during the previous eruption.
Only limited attention has been given to the spatial distribution of the flank eruption vents. Salvi et al. (2006) use simple descriptive statistics to distinguish the sectors of the volcano with the most flank eruptive activity when comparing pre-1536 and post-1536 vent locations. They found no statistically significant evidence of a change in vent locations between these two periods.
In order to accurately assess potential hazards during future eruptions, a stochastic model for the characteristics of eruptions including temporal and spatial aspects and volumetric lava output is essential. The natural starting point is the paper of Salvi et al. (2006) . However, we also use the other literature to motivate various hypotheses that we will examine. Additionally, our analyses aim to address these issues for the Branca & Del Carlo (2004) and Tanguy et al. (2007) eruption catalogues updated to 2008 to help assess the sensitivity of our findings to the catalogue that we use.
In Section 2, we model the process of eruption times alone. We aim to assess whether this process follows an inhomogeneous Poisson process given that Salvi et al. (2006) simply assume this process to be true as a consequence of the intensity of eruptions being non-constant. Previous analyses of the eruption time data assume that there is no reporting bias in the data. However, we cannot discount the possibility that eruptions in the past were less likely to be recorded than those in recent years. We will formally test the assumption of no reporting bias using a randomization test which accounts for the volume of lava erupted in each eruption. Salvi et al. (2006) do not assess the quality of fit of their selected parametric intensity function for the temporal data. We will show that their model fits the data poorly and we will explore other methods, both non-parametric and parametric, for estimating the intensity of the process which appear to fit the data better. Specifically, irrespective of catalogue used, we find that a good description of the data is given by a simple piecewise linear model for the intensity with constant intensity until the mid-1900s and linearly increasing intensity from that date onward. Our analyses find no statistical evidence of cycles from the eruption time data alone, but this does not contradict findings of Behncke & Neri (2003) which used more extensive detail of the eruptions in concluding that cycles existed.
In Section 3, we analyse the process of the cumulative volume erupted against time. From both catalogues for the period 1669-2008 we estimate there to be two change points in the cumulative volumetric lava output in the mid-1750s and around 1970, with the latter consistent with the formation of the SEC in 1971. Additionally, using the Tanguy et al. (2007) catalogue we find evidence for a third change point in 1669. The fact that two additional change points are found for the cumulative volume from the times of eruptions is a clear indication that there is some relationship between the volumes of eruptions and the temporal history of events. Consequently, following the approach investigated by Sandri et al. (2005) , we examine whether there is statistical evidence of dependence in the volume erupted with the cumulative volume erupted in a preceding period of κ years, with various values for κ being examined.
In Section 4, we differ from Salvi et al. (2006) in our spatial analysis of the vents and, as a result of the change points found in the volumetric analysis, we focus on the historic vents from 1762 to 2008. Prior to 1762 the fitted model suggests that the volcano could have been operating under a different regime. We also choose to analyse the data with respect to 1971, the year of formation of the SEC. We find that there is a distinct change point in the location of vents in 1971, with the key difference being that post-1971 vents are significantly closer to the SEC. Consequently, our results differ from Salvi et al. (2006) who concluded that spatial locations and temporal occurrence of events are independent. Salvi et al. (2006) assumed that the temporal process generating the eruptive events is an inhomogeneous Poisson process. Here we assess the validity of this assumption and derive a non-parametric estimate of the intensity of flank eruptions which shows significant statistical evidence for a time-varying intensity function.
T E M P O R A L A N A LY S I S

Assessment of inhomogeneous Poisson process assumption
An inhomogeneous Poisson process (Cox & Isham 1980) in time is a process in which points occur at random with an intensity of occurrence at time t given by a non-negative intensity function λ(t). Let A and B be disjoint sets of times, and define N A (similarly N B ) to be the number of points of the process in set A then N A is a Poisson distributed random variable with mean (A) = A λ(t)dt, the integrated intensity, and N A and N B are independent variables. When λ(t) = λ for all t the process is homogeneous.
To make a statistical assessment of whether Etna's eruption times, x 1 , . . . , x n , correspond to the realizations of an inhomogeneous Poisson process on the time interval [T 1 , T 2 ] we examine features of the observed eruption times. Specifically, we base our analysis on the integrated intensity between eruptions s i = ([x i , x i+1 ]) for i = 1, . . . , n − 1. We need to check whether s 1 , . . . , s n−1 (i) appear to be a sample from an exponential distribution with unit mean, and (ii) appear to be realizations of independent variables. A justification for why these features are required is given in Appendix A.
First, we estimate the intensity function non-parametrically. It is helpful to represent the intensity as a function of ([T 1 , T 2 ]) and f (t) a density function which determines the relative frequency of eruptions occurring at the different times in [T 1 , T 2 ], where
We estimate the two components of this intensity function by n, the number of eruptions in [T 1 , T 2 ], and a kernel density estimate (with Gaussian kernel), respectively, giving a non-parametric estimate of the intensity of
where h > 0 is a smoothing parameter. Asλ(t) underestimates λ(t) for t near T 1 and T 2 we use the reflection technique of Silverman (1986) , see Smethurst (2006) for details, which gives more weight to points near the boundaries resulting in an estimateλ(t). The 95 per cent confidence interval forλ(t) can be derived using the delta method to bê Fig. 1 displays the non-parametric estimateλ(t) and its associated 95 per cent confidence interval of the intensity of flank eruptions for both catalogues. By observing time points with non-overlapping confidence intervals on this plot a quick visual impression of which time points have statistically significantly different intensities is obtained. Given that the smoothing parameter h = 16 yr was selected by eye and used for both catalogues it is important not to draw too strong conclusions from this figure; see Ho (1992) for related discussion.
For 1669-2008 the estimates for the two catalogues are very similar although there are two notable differences in the estimates. The estimate from the Branca & Del Carlo (2004) catalogue in 1669-1700 is higher, which is partially caused by a bias in starting the analysis from the 1669 eruption time. Second, the estimated recent increase in intensity from both catalogues occurs 10-20 yr earlier for the Branca & Del Carlo (2004) catalogue, which is caused by the inclusion in the Branca & Del Carlo (2004) catalogue of Tanguy et al. (2007) catalogue. Now focusing on the results from a single catalogue note that it is clear that the intensity of flank eruption times is inhomogeneous with a strong rise in the intensity from around the mid-1900s. Once the confidence intervals have been accounted for, the plot provides some evidence of a near constant intensity up to this time and there is no obvious evidence in the flank eruption times of cycles of summit activity that Behncke & Neri (2003) found starting in 1865, 1892, 1928, 1951 and 1993. We replace λ(t) by the non-parametric estimateλ(t) and assess
is exponentially distributed with unit mean. For each catalogue, in Fig. 2 we compare empirical quantiles of {s i } with expected quantiles for a unit mean exponential variable in the form of a Q-Q plot. A perfect fit is represented by the solid line of equality with the range of acceptable fits represented by 95 per cent pointwise tolerance intervals shown on the plot. As, for each catalogue, the Q-Q plot is so close to the line of equality for almost all points this provides reassuring evidence that this aspect of the inhomogeneous Poisson process assumption is appropriate.
We now test the independence between the estimated {s i } values. The autocorrelation function of {s i } is shown in Fig. 3 for both catalogues. For the Tanguy et al. (2007) catalogue there is no evidence of statistically significant dependence at any lags, whereas at lag 2 dependence is statistically significant in the Branca & Del Carlo (2004) catalogue. Further investigation of this apparent dependence found no statistical evidence for dependence at lag 2 in the interarrival times nor in the integrated intensities when estimated using any of the parametric models considered in Section 2.3. Consequently, we conclude that there is no evidence to question the independence assumption. From the evidence of these exploratory tests there seems no basis to question the assumption that eruption times at Etna represent a realization of an inhomogeneous Poisson process. Thus the assumption in Salvi et al. (2006) seems appropriate and is one we will also adopt. 
Test for reporting bias
Before we can start to test the fit of the parametric model that Salvi et al. (2006) use for the intensity of the inhomogeneous Poisson process we must first make an assessment of the validity of the non-parametric estimateλ(t) as we use this as a basis by which to assess the parametric fits. We obtained this non-parametric estimate assuming that all the data are equally valid. However one possible reason for the apparent increase in eruptions since the mid-1900s may be that there is a reporting bias on eruption times so that it is more likely that an eruption is recorded in recent years than in the past. See Marzocchi & Zaccarelli (2006) for a discussion of this problem. A test for under-reporting for a homogeneous Poisson process has been developed by Coles & Sparks (2006) , but given the clear non-homogeneity in the intensity this is not appropriate for application to either of the Etna catalogues that we use. We develop a test for under-reporting for a non-homogenous Poisson process and implement the first use of such techniques for Etna eruption times. Specifically, we are most interested to learn if any of the inconsistencies between the two eruption catalogues that we consider are due to reporting bias.
Our premise for constructing a test of reporting bias in the eruption catalogue is that we believe that any reporting bias that there may be could be related to the volume of lava erupted; small eruptions may be less likely to be recorded than large eruptions in the past. Consequently, if the distribution of the times of all eruptions and the distribution of the times of the large eruptions are the same then there is little evidence for reporting bias. A potential complication with such a test is that if the volumetric output rate changes substantially over time this effect will confound the feature we are testing for. Thus only when erupted volume and eruption times are approximately independent should this test be used.
This premise motivates the test statistic which measures the difference between the densities of the two distributions as
, where the densities are evaluated at a grid of q time points in [T 1 , T 2 ] with t i = T 1 + i(T 2 − T 1 )/(q + 1) andf andĝ u are the kernel density estimates obtained using all the flank eruption times and the times of eruptions with a volume which exceeds a threshold u, respectively. Under the null hypothesis of no reporting bias then f (t) = g u (t) for all t ∈ [T 1 , T 2 ]. We evaluate the sampling distribution of the test statistic under the null hypothesis using randomization methods. We fixed the times of all eruptions and independently allocated the observed volumes erupted to these times. From each sample a kernel estimate of g u is obtained and W is evaluated with q = 500. Replication of this procedure gives a sample from the required sampling distribution. We evaluate the p-value of the test statistic by calculating the probability of getting a value from the sampling distribution of W larger than the observed value of W . Fig. 4 (a) plots volumes against times for the eruptions in the two catalogues. There is a clear change in the volumetric output in 1669 with much larger eruptions observed in the period 1610-1669 than any other period in the catalogues. Thus, we only apply our test for the two catalogues on the period 1669-2008. The evaluated p-value (the smaller p the more evidence of reporting bias) against the threshold u is shown in Fig. 4(b) . Only at a threshold volume of 45 million m 3 for the Tanguy et al. (2007) catalogue and 30 million m 3 for the Branca & Del Carlo (2004) catalogue is there significant evidence for a reporting bias out of a total of fifteen tests at different threshold volumes. This finding provides reassurance that the observed changes in the intensity of the times of eruptions in are not caused by reporting bias as we attribute the spurious test results to multiple testing given that the p-value is greater than 0.2 for most other threshold choices.
Parametric modelling and inference for the intensity function
We consider three parametric models for the intensity function. The model used by Salvi et al. (2006) , originally suggested for applications to volcano eruption times by Ho (1991) , is the power intensity function
with θ > 0 and δ > 0 both unknown parameters. Here, δ is a power coefficient, with δ > 1, δ = 1, δ < 1 corresponding, respectively, to an increasing, constant and decreasing intensity function over t. Unless δ = 1 then the power intensity function represents an inhomogeneous intensity over the entire time period. An alternative inhomogeneous intensity is to have the intensity to be constant in m equal length time intervals. The piecewise constant intensity function has the form
where τ = (T 2 − T 1 )/m > 0 specifies the width of the interval over which the intensity is assumed to be locally homogeneous and λ 1 , λ 2 , . . . , λ m , with λ i ≥ 0 for all i, are the locally homogeneous intensities. Here we fix m, and hence also τ , and treat λ 1 , λ 2 , . . . , λ m as unknown parameters. This is a simplification of a model of Bebbington (2007) but with m and the intervals endpoints all treated as known.
The final parametric model that we consider is a simple piecewise linear function for the intensity
where I {A} is the indicator function of the event A, that is,
where α > 0, β ≥ 0 and t c > T 1 are all unknown parameters. For β > 0 this intensity function specifies that a change point occurs at time t c with the intensity being λ L (t) = α for t < t c and λ L (t) = α + β(t − t c ) for t ≥ t c , that is, a constant followed by a linear increase, with the intensity continuous in value across the change point. We use likelihood-based inference for all three parametric models. The likelihood function for an inhomogeneous Poisson process is given in Appendix A, by eq. (A2), with x 1 , . . . , x n the data and λ(t) replaced by the relevant parametric model. Point estimates of the parameters are given by values of the parameters which jointly maximize the likelihood function. These are termed maximum likelihood estimates (MLEs) which have optimal asymptotic properties. For the three models the MLEs are as follows.
(i) for the power model:
(ii) for the piecewise constant model:
where I is the indicator function (2.1) and n i is the number of eruptions between times T 1 + (i − 1)τ and T 1 + iτ ; and (iii) for the piecewise linear model a numerical maximization is required, but givent c then:
First, we use λ C (t) to identify which aspects of the structure of the intensity that we identified from the non-parametric estimator are statistically significant. We consider a range of values for m to allow for a range of different inhomogeneous intensities in different time periods. We use λ C (t) instead of either λ P (t) or λ L (t) as these are inflexible in comparison with λ C (t). We do not use the more general Bebbington (2007) version of this model as that requires considerable additional computation which isn't justified for an exploratory analysis. For this initial analysis we only analyse the Tanguy et al. (2007) catalogue but report fits for the Branca & Del Carlo (2004) catalogue for the power and piecewise linear models. Fig. 5 displaysλ C (t) across the subintervals where m = 2, 3, 4 and 6 along with the 95 per cent confidence intervals forλ C (t). These findings are similar to those derived from the non-parametric estimatorλ(t) except that here the choice of smoothing parameter has been replaced with the choice of m.
We tested whether the intensity is inhomogeneous by using a likelihood ratio test with the null and alternative hypotheses as follows
The resulting test statistic, S, being twice the difference between the log-likelihood maximized under H 1 and under H 0 , is
Comparing S to a χ 2 distribution with m − 1 degrees of freedom leads to rejection of the null hypothesis when S is greater than the 
−5 for m = 6, with this value of m giving the best-fitting model from m = 1, . . . , 8 as judged by a likelihood ratio test. This is overwhelming evidence for an inhomogeneous intensity function.
The estimates of λ C (t) in Fig. 5 suggest that, up to 1960, the intensity appeared approximately homogeneous. Therefore, we repeated the above test with the time period reduced to the period 1610-1960. The results for this testing are not entirely conclusive with the null being rejected when m = 5 with a p-value of 0.03 and for m = 7 with a p-value of 0.04 but for all other m there is no evidence to reject the null hypothesis. A possible reason for this mixed set of conclusions is that different values of m partition the time period differently and only when m = 5 or 7 does the evidence from the drop in activity in 1700-1750, noted in Fig. 1 , not get down-weighted by being partitioned into different intervals. As we have undertaken multiple tests (over different m) and the evidence to reject the null is not particularly strong for the least favourable choice of m, we see no evidence to reject the possibility that the eruption times were homogeneous up to approximately 1960. Details of how to formalize such a multiple testing procedure are discussed in Mulargia et al. (1987) .
We now compare the performance of the other two parametric models for the intensity which capture this change in intensity more parsimoniously than λ C (t). The maximum likelihood estimates for the power intensity function are (θ,δ) = (11.8, 1.16) and (19.9, 1.47) for the Tanguy et al. (2007) and Branca & Del Carlo (2004) catalogues, respectively, both indicating an increasing intensity over the whole interval. These estimates differ quite considerably and are a function of the start time, and hence interval on which the catalogue is observed. The maximum likelihood estimates for the piecewise linear intensity function are (t c ,α,β) = (1964, 0.11, 0.016) and (1936, 0.12, 0.009) for the Tanguy et al. (2007) and Branca & Del Carlo (2004) catalogues, respectively, with the respective asymmetric profile likelihood-based 95 per cent confidence intervals for t c being (1816, 1974) and (1835, 1961) . There are some key differences here between the data catalogues, with the Tanguy et al. (2007) giving estimates which are consistent with a major change in 1971, the eruption which created the SEC which is found to be important later in the paper, but the Branca & Del Carlo (2004) catalogue suggesting an earlier change point, but at a time not supported by a specific major change in the structure of Etna.
The resulting estimates of the associated intensity functions are shown on Fig. 6 for the respective eruption catalogues. Prior to the mid-1900s bothλ P (t) andλ L (t) seem to fit the non-parametric estimate of λ(t) equally well, with the major difference in the estimates in this time-interval being at the start of the catalogue aŝ λ P (T 1 ) = 0, which seems unreasonable. After the mid-1900s the two models differ substantially, with the growth inλ P (t) in this period being less than in any other period previously observed and the estimate lies outside the 95 per cent confidence interval for the non-parametric estimate for both catalogues. In contrastλ L (t) lies between these confidence intervals throughout for both catalogues.
Q-Q plots were used to formally test the model fit. As in Section 2.1, we assess fit by comparing the integrated intensities,
If the model fits well {s i } should approximately follow an exponential distribution with unit mean. For eruption data up to 1970 the Q-Q plots (not shown) for all three models are equally good for both catalogues, indicating that any of these intensity models could have produced the observed shows that it is clear thatλ P (t) is an inappropriate model as this fits the data badly, thatλ C (t) is only a moderately good fit, with one point outside the tolerance intervals, and thatλ L (t) is a good fit.
The interpretation of the form ofλ L (t) in terms of what it reflects about physical processes is less clear as there is insufficient evidence from these catalogues to interpret changes in the physical processes from this statistical model. Clearly, homogeneity is an indication of stability in the physical processes. The recent linear increase in intensity indicates a progressive change in at least one of the physical processes which determine eruptions. Two, of many, possible causes for this change are a single process continuously changing or a series of small distinct changes over different processes, each of which could be approximated well by a continuous linear form. A consequence of this limited physical interpretation of this fitted model is that long-range extrapolation ofλ L (t) for t > T 2 may lead to biases.
The aim of a good statistical model is through a parsimonious formulation to capture the key features of the data yet not be too tailored to the features of the observed sample. Hereλ C (t) andλ L (t) have seven and three parameters yet the fit is slightly better for the simpler modelλ L (t). There is also informal evidence of a better agreement ofλ L (t) with the non-parametric estimate. Furthermore, we see the property thatλ L (t)/λ C (t) > 1 for t near T 2 as a critical feature in the model selection, as it is the intensity now which is most important yet the piecewise constant model always approximates this intensity as a constant over values in the previous few years and so will always underestimate the intensity at the current time when the intensity is increasing over time. Collectively, these features lead us to selectλ L (t) as our best fitting model.
For the creation of hazard maps the expected number of eruptions in a future period is important. Two types of output are typically valuable, estimates of the current intensity rate and the expected number of events in a future year, such as in 50 yr time. Takinĝ λ L (t) to be the true intensity, thenλ P (t) andλ C (t) would predict only 28 per cent and 47 per cent of the true number of events at time T 2 , that is, for the current year of 2009, with greater differences arising for t > T 2 as t increases. Consequently a hazard map constructed using the Salvi et al. (2006) or Bebbington (2007) estimates would significantly underestimate both the current and future hazards. The statistical uncertainty of modelλ L (t), as represented by the width of confidence intervals, increases as t increases for t > T 2 . However, confidence intervals only represent the uncertainty if the form of the statistical model is correct. A potential problem with usingλ L (t) for values of t > T 2 is that there are physical constraints that will stop the intensity increasing linearly for all t > T 2 . For example, medium-long term hazard forecasts should incorporate any additional knowledge of changes in the physical processes such as the possibility that fresh magma is exhausted. Therefore, care must be used in extrapolating the estimated intensity function forward in time, with short-term extrapolations being reasonable using the model but long-term extrapolations viewed with considerable caution. Fig. 8 shows the cumulative volume of lava erupted from the start of the catalogue for the two catalogues. For the Branca & Del Carlo (2004) catalogue 18 of the 65 recorded flank eruptions have an unreported volume output, see Table B1 , and so these eruptions are excluded, with the associated eruption times indicated on Fig. 8 . This missing data is a key feature of the different catalogues so an aspect of our analysis is to assess the impact of this.
V O L U M E T R I C L AVA O U T P U T
The data from the two catalogues suggest that there is an increase in the rate of the cumulative volume of erupted lava around 1760 and again around 1970 and that in between these change point times there is a linear growth in volumetric output with time, indicating a constant average volumetric rate in each of the sections of time identified. Additionally, the Tanguy et al. (1997) catalogue suggests evidence for an additional change point in 1669. These observational findings are consistent with the empirical evidence that Hughes et al. (1990) , Barberi (1990) , Tanguy et al. (1997) and Behncke & Neri (2003) found of an increase over time in the average rate of volumetric lava output, and with Wadge & Guest (1981) and Sandri et al. (2005) claiming that this rate appears constant since 1971.
We attempt a formal statistical analysis, following an approach that has some similarities to Mulargia et al. (1987) , to see how many different periods there is evidence for in the catalogues and attempt to identify the cause for the recent change point.
A piecewise linear model for cumulative volume
Let the scaled cumulative volume of lava erupted in the time interval [T 1 , t] be Y (t). Given that the data at the times of eruptions appear to follow a series of linear forms we model the mean of Y (t) by μ(t), where
. . .
where m is the number of distinct periods, with change point times
so that μ(t) is continuous across the change points. The gradient of the linear trend in-between a pair of consecutive change points is the average volumetric output rate per year in that period. Though μ(t) is continuous in time we only require it at the time of eruptions. We observe Y (t) at eruptions times, that is, Y (x 1 ), . . . , Y (x n ). As the variance of these observations around the trend appears constant, σ 2 say, and the distribution of errors Y (x i ) − μ(x i ) seems to be symmetric we assume that
2 ). This model has parameters a 1 , b 1 , . . . , b m , t 1 , . . . , t m−1 and σ . We estimate these parameters by MLE using numerical maximization of the pseudo likelihood, that is the likelihood constructed under the false assumption of independent errors. Results of Liang & Self (1996) show that the pseudo likelihood will give unbiased estimates but will underestimate the uncertainty in our fitted model, and so confidence intervals will be too narrow.
We identified a suitable value for m by performing a series of hypothesis tests for consecutive values for m. For the Tanguy et al. (2007) catalogue we accepted m = 4 over m = 3 with a p-value of 0.003 and for the Branca & Del Carlo (2004) catalogue we accepted m = 3 over 2 with a p-value of 8 × 10 −11 . The estimated change points and associated 95 per cent confidence intervals aret 1 = 1668 with interval (1650, 1687),t 2 = 1761 with interval (1735, 1787) and t 3 = 1979 with interval (1972, 1985) using the Tanguy et al. (2007) catalogue andt 1 = 1762 with interval (1744, 1781) andt 2 = 1976 with interval (1973, 1979) using the Branca & Del Carlo (2004) catalogue. There is a strong agreement between the catalogues witĥ t 2 ≈t 1 andt 3 ≈t 2 . Thus there does appear to be strong statistical evidence for four distinct periods of activity of volumetric flow over the period . Both the 95 per cent confidence intervals for the most recent change point just exclude the 1971 eruption which is important as it corresponds to the formation of the SEC. As we know the confidence intervals are underestimated by the pseudo likelihood we will take 1971 as the time of the most recent change point. Fig. 8 displays the resulting estimate of the average cumulative volume over time,μ(t), which fits the data well for both catalogues. In million metres 3 yr −1 the rate estimates are (b 1 ,b 2 ,b 3 ,b 4 ) = (38, 2, 6, 22) and (b 1 ,b 2 ,b 3 ) = (1, 6, 22) for Tanguy et al. (2007) and Branca & Del Carlo (2004) catalogues, respectively. Despite the difference in the catalogues and the missing volumetric eruption data the findings for two catalogues are remarkably similar. For the Branca & Del Carlo (2004 ) catalogueb 1 appears highly sensitive to whether the cumulative volume model is fitted to data recorded from 1669 or from the previous eruption. However, the additional evidence from the period 1610-1669 in the Tanguy et al. (2007) supports this value.
The significance of the change point in 1971
The significant change in the volumetric output rate following the 1971 eruption merits further investigation. As noted earlier, the SEC began to form during this eruption. To examine whether the formation of the SEC is linked with the increase in volumetric output rate since 1971 we removed the eruptions linked to SEC activity and repeated the analysis of Section 3.1. Specifically eight eruptive events 1978 November, 1979 August, 1983 March, 1985 March, 1991 December, 2004 September, 2006 July and 2008 May were identified as being associated with the SEC through their occurrence on fractures on the flank of Etna which are directly connected to the SEC. The change in cumulative volume over time for the Tanguy et al. (2007) catalogue and the new subset of data can be seen in Fig. 9(a) . The data set excluding SEC-related eruptions has a trend for the 1971-2008 data, which is much closer to that from period 1761-1971 data. We repeated the test for the number of change points and found that we do not reject a null hypothesis of m = 3 in favour for m = 4 (p-value is 0.8), so there is evidence now for three distinct periods in . Thus the trend in volumetric To be able to attribute the dramatic increase in the rate of volumetric output in 1971-2008 to the SEC formation we need to know if the conclusion of constant volumetric output rate over 1762-2008 holds when any eight eruptions in the period 1971-2008 are removed at random. Fig. 9(b) shows cumulative volume time series from 1971 to 2008 with the SEC-associated eruptions removed. It also shows 95 per cent pointwise tolerance intervals for how the series may change over this period of time when eight eruptions are removed from the series at random. The series with SEC-associated eruptions removed falls on the boundary of the tolerance intervals a number of times. This plot gives an indication that the eight SECassociated eruptions have a larger volumetric output than those eruptions removed at random. Thus it appears that more eruptions have occurred as a consequence of the SEC formation in 1971 and that these additional eruptions produce larger than average volume lava flows, but as yet the sizes of SEC-related eruption volumes is not statistically significantly different from other eruptions.
Cyclic dependence in volumetric data
Here we examine whether there are cyclic patterns in the volumetric flows by testing for dependence between eruption volumes and the aggregated eruption volume over a preceding period of κ years. Essentially, we are examining whether there is evidence of a build up of magma in the chamber from recent aggregated eruption volumes. If a recent large aggregated eruption volume decreases the chance of a subsequent large eruption, thus producing cyclic behaviour in the eruption volumes then we will find statistically significant evidence of negative dependence.
For eruptions i = 1, . . . , n, let v i be the volumetric output of the eruption at time x i and A i (κ) be the aggregated volume in the κ previous years, that is,
We test for dependence using Kendall's tau measure of dependence, though similar results were found using correlation as the dependence measure. Kendall's tau is a more robust measure of dependence than correlation as this is a function of the ranks of the values, instead of the values themselves. Table 1 shows estimates of -2008, 1761-1970 and 1971-2008 . First consider the full period, . No significant evidence of dependence is found for any value for κ. To help compare between the two catalogues we also consider the period 1761-2008 which is contained in both catalogues. This avoids sensitivity to the start date of the Branca & Del Carlo (2004) catalogue, and it takes the start date based on the change point we found earlier in our cumulative volumetric rate analyses for both catalogues. Using the Tanguy et al. (2007) catalogue we now find borderline significant evidence of negative dependence when κ = 30. This finding seems to support the hypothesis of cycles in this period. However during this period we have seen evidence of an increase in the frequency of events and an increase in the volumetric output rate. We really need to isolate these changes before assessing the dependence between the volume erupted and the aggregated volume in the κ previous years, as ignoring these changes leads to a confounding of effects. Table 1 shows that Kendall's tau measure of dependence is borderline significantly different from 0 only for κ = 1, 25 for the period 1761-1970 and for no κ value for the period 1971-2008. These findings suggest that the post-1971 data have a significant effect on the dependence estimation. Given the lack of consistency in findings over the subperiods 1761-1970 and 1971-2008 and the lack of any significant dependence in the period 1610-2008 we conclude that there is no evidence of cyclic dependence in the volumetric data for Etna using the Tanguy et al. (2007) catalogue. For the Branca & Del Carlo (2004) catalogue borderline significant evidence was found for dependence in the period 1761-2008 when κ = 5, 25, 30, which again disappeared when the series was partitioned at 1971, leading to the same conclusion of no evidence of cyclic dependence.
S PAT I A L A N A LY S I S
We focus on the spatial locations of flank eruption vents in two periods: Period A 1762 -1970 and Period B 1971 . These periods correspond to periods of activity identified by the volumetric analysis of Section 3 and are separated by the 1971 eruption which was associated with the formation of the SEC. Fig. 10 is a map of the spatial locations of these eruptive events for the Branca & Del Carlo (2004) catalogue which distinguishes between eruptions in the two periods. To analyse the locations we will test for changes between the two periods in the distances from the SEC (shown on Fig. 10 ) and also the difference in directions of vents relative to the SEC. The aim of the testing was to determine whether the dif- ferences apparent in the temporal-volume analysis are in some way reflected in the differences over spatial locations. In all the cases, the null hypothesis was that there was no difference in spatial locations between the two periods and so a randomization test was used. No significant change in directions from the SEC were found for the two periods so here we focus on the distances from SEC.
For measuring distances the euclidean distance of each vent from the SEC was used. We used the mean and median distance as measure of average distance and the standard deviation and interquartile range as summaries of the variability of the distance distributions. Table 2 shows the associated p-values of the tests for data with and without the SEC-associated eruptions removed, and for the two catalogues. In all cases the p-values are smaller (more significant evidence) using the Tanguy et al. (2007) catalogue. There are statistically significant differences between locations in Periods A and B for distances from SEC with strong evidence of a change in the average and variability of distances, with the average being smaller in Period B than Period A and the variability being larger in Period B than Period A. By examining the distributions of distance from the SEC more closely it was found that the largest difference was that the lower quartile in Period B is significantly smaller than that of Period A, which in turn drives the conclusions about the average and variability of the distance distribution. Hence, the interpretation is that, since the formation of the SEC, eruptions have become more closely focused around the SEC. We found that these conclusions were robust to the exclusion of the 2 most northwest and/or the two most southerly eruption locations.
Given our earlier findings of a change in volumetric output rate in 1971 we also tested to see whether erupted volume and location were related. We could find no evidence for such a relationship so it seems reasonable to model these as independent variables.
C O N C L U S I O N S A N D D I S C U S S I O N
In this paper, we have identified substantial differences in Mount Etna's activity compared with previous analyses. Specifically we found greater activity than previously estimated in the current intensity rate of eruptions in time (the previous estimate of the intensity being approximately 30 per cent of our estimate). We also identified a growth in the volumetric output rate since 1971 (with output rate 3.5 times greater since 1971 than prior to 1971) and in addition, evidence that eruption vents following the 1971 eruption were closer to the SEC. Our findings on these aspects do not depend on which of the two catalogues we used and also emphasize the need to focus current hazard assessment on data since 1971, which is similar to the conclusions of Wadge & Guest (1981) and Sandri et al. (2005) . Our results are important as they suggest that hazard maps for Etna that fail to take into account these changes will substantially underestimate the level of hazard.
The increasing importance of the SEC is stressed by Behncke et al. (2006) who conclude that between 1971 and 2001 the SEC was significantly more productive that the other three summit craters of Mount Etna. As an example of the importance of the SEC, between 1996 and 2001 there were 105 fire fountaining events and the height of the cone increased by approximately 105 m. This corresponded with a fourfold increase in output rate from this crater compared with the period between 1971 and 1996 . In addition, most of the activity on Etna since 1999 has been connected either directly or indirectly with the SEC, confirming the importance of the SEC as a focus of activity within the summit region of Etna.
The analysis we have undertaken has focused on eruption times, cumulative volumes and spatial locations. To accurately assess future hazards, other factors are also important. For example Mulargia et al. (1985) conclude that longer duration eruptions have smaller mean output rates and that there was a change in eruption duration following the 1669 eruption. Salvi et al. (2006) analyse lava flow lengths empirically separating events into two classes based on the duration of singular eruptive events and the effusion rate of the lava associated with each event. Smethurst (2006) formalized this relationship through the use of generalized linear modelling techniques. Other authors have focused on empirical analyses of effusion rates with Behncke & Neri (2003) and Branca & Del Carlo (2005) identifying four periods of activity since 1600 with different mean effusion rates, with rates increasing over time to 0.51 m 3 s −1 after 1971. Branca & Del Carlo (2005) also noted that flank eruptions ranged in duration from 13 hr (in 1942) to 473 d (in 1991-1993) , and they draw attention to the Southeast flank as one that favours the ascent of volatile-rich magma. There is clearly much work still required for a full model of Mount Etna's eruptive activity, but the results in this paper have provided significant insights into the key variables used to describe the hazard posed by Etna's lava flows.
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